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Abstract 
Shotcrete is a construction technique for lining and constructing. Shotcrete is differentiated 
from conventional concrete with not only ways of its application but also the mix design, and 
the addition of accelerator. This composition significantly accelerates high stiffness in early age 
as well as hydration of cements. In addition to accelerator, fiber is another general component 
adding to shotcrete for reinforcement purpose. The addition of fiber influences deformation 
performance of shotcrete. These variations contribute unanticipated creep performance of 
shotcrete which is investigated in this project. 
The report focuses on creep development of shotcrete, examines the compressive strength and 
shrinkage. The methodology of tested experiment is based on AS1012.16 with adjustment for 
simulating the insitu applied shotcrete with three design mixes; shotcrete mix, concrete and 
concrete with fibers mixes for comparing purpose. The effect of accelerator, fibers, and 
spraying approach of casting are examined, to investigate the applicability of unconventional 
casting method, and the influence on creep performance caused by addition of accelerator and 
fibers.  
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Chapter 1. Introduction 
1.1.     Background 
Shotcrete is a construction technique applied by spraying concrete at high velocity onto a 
surface. The technique was firstly initiated in 1907 for repairing the facade of the Field 
Columbian Museum. The method was known as gunite and achieved by blowing dry-mix 
through a hose with compressed air. In 1950, wet-mix was invented. In the 1960s, the rotary 
gun realizing the continuous shooting was developed and used as an alternative method 
(Teichert 2002). The projecting of shotcrete can be achieved by either hand or mechanical arms 
depending on the scale of the jobs. To date, the technique is broadly applied for placing 
structural concrete and constructing thin-walled structures. Of these applications, lining of 
tunnels and mines are one of the most general environment that shotcrete is used. 
 
Specifically, for applications of shotcrete in underground construction, the performance of 
toughness characteristics of shotcrete has been critically focused (Jeng, Lin, & Yuan, 2002). 
Shotcrete mixed with fiber can achieve excellent characteristics under conditions of extreme 
deformation, which are common cases in very deep mines (Concrete Institute of Australia, 
2010). However, similar cases can merely be found in the cases of shallow tunnels. The 
toughness characteristics including compressive strength, shrinkage and creep are properly 
standardized. For this research thesis, the creep development of shotcrete is the focused area, 
and more specifically, the research questions are: 
 
• Are standard methods suitable for early-age shotcrete creep testing? 
• What is the influence induced by the addition of accelerator and fibers? 
• How creep develops in shotcrete? 
• What are the differences of creep development between shotcrete and conventional 
concrete? 
 
Shotcrete is different from conventional concrete in terms of the way of its application and its 
mix design. Conventional concrete is applied by pouring and vibrating, while shotcrete is 
sprayed in order to achieve compaction. For the composition of both materials, shotcrete is 
concrete with compressed air and accelerators technically. For the composition of both 
materials, fibers, which are a type of fibrous material, can be added to both shotcrete and 
concrete for mechanical performance (Serna, Llano-Torre, Cavalaro, & SpringerLink, 2017). 
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The variables caused by accelerator, compressed air and the addition of fibers, makes 
mechanical performance of shotcrete a desired material in tunnelling. 
 
1.2.     Objectives 
This report aims to investigate creep development of fiber reinforcement shotcrete (FRS) in 
early age. Thus, shotcrete is tested promptly after demolding, which simulates the early age 
condition. Comparison between shotcrete and conventional concrete are made in order to clarify 
differences and better understand the details of their performance. Fibers are also added to 
concrete for comparison in two additional batches. Testing methodology is based on AS1012.16 
with variation for addressing the purpose of this project. Specifically, shotcrete samples are 
loaded once being demolded in order to simulate the situation that shotcrete is loaded for lining 
once it sprayed in tunnelling. In contrast, concrete is cured in accordance with AS1012, in order 
to get standard curing curve for comparison purpose. All samples are loaded and measured on 
specific time and all data collected from the experiments are processed for plotting creep-age 
curve. Comparisons are based on the information derived from the experiments. 
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Chapter 2. Literature Review 
2.1. Composition of shotcrete 
Shotcrete is generally used to stabilize the ground condition. For the composition of shotcrete, 
it is technically composed of cement, aggregates, water, admixtures and cementitious additions 
(Vlietstra, 2009). 
 
2.1.1 Cement 
Cement is the binding agent. It is mainly composed of lime with additives of silica, alumina, 
iron oxide and gypsum for balancing the chemical composition and the control of hydration 
process (Allaby, 2013). The hydration is the process of reaction between water and cement. It 
is time-dependent and temperature-dependent (Allaby, 2013). The hydration should be 
concerned and controlled due to its notable influence on concrete mechanical property stiffness 
of concrete (Allaby, 2013). 
 
2.1.2 Aggregates 
Aggregates consist of coarse and fine particles and are form the matrix of shotcrete. Aggregate 
is mixed with cement and water and compressed sprayed with accelerator to form shotcrete. 
For the requirements of choosing the aggregates, these are controlled in size to avoid rebound 
and craters producing (Melbye et al, 2001).  
 
2.1.3 Water 
The water for mixing and curing should be free of detrimental material. Water should be tested 
to ensure the strength of mortar cubes made with this water should achieve 90% compressive 
strength of the one made with distilled water (Darling, 2011). 
 
2.1.4 Cementitious Additions 
Cementitious additions refer to pozzolanic material such as silica fume or fly ash. In mix design, 
replacing a portion of the cement with such materials can be advantageous in terms of economic 
benefits, and better short-term and long-term properties of shotcrete (Darling, 2011). For short 
term, it increases flowability, adhesion to rock and reduces rebound by offering lubricating 
effect on mix design. In the long term, it increases the shotcrete strength and durability (Darling, 
2011). 
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2.1.5 Admixtures 
Admixtures refer to chemicals affecting the mixing, placing and curing processes. For shotcrete, 
accelerator is one of the notable admixture added purposely for canceling the retarding effect 
and rapidly gaining strength (BASF, 2017). Accelerator also tends to reduce the final strength 
of shotcrete (Darling, 2011).  
 
 
Figure 1: Effect on compressive strength with different dosages of accelerators (Jolin, 
Beaupre, Pigeon & Lamontagne, 1997) 
	
Jolin, Beaupre, Pigeon and Lamontagne (1997) conducted a study to investigate the influence 
caused by accelerator dosage. The study is conducted by adding varying dosages of accelerators 
to standard ASTM Type I cement with silica fume, and ASTM Type III cement. For the 
identification code of this experiment, the first set of characters represents the type of binder, 
in which “10 sf” means type I with silica fume, whereas “30” represents type III. For the second 
set of characters, A, B, C, D, E or none indicate the type of accelerator including sodium 
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aluminate, calcium aluminate, alkalis carbonate, sodium carbonate, sodium carbonate and 
hydroxide, and no accelerator respectively. The number in the second set of characters indicate 
the dosage of such accelerator added. The last set of characters can be “Air”, “VR” or none, 
which mean entraining admixture, vinsol resin or none respectively. All samples are casted and 
cured by standard methods, and they are tested on day 7 and day 28 respectively. The results 
(figure 1) show that the compressive strength for both day 7 and day 28 batches decreases with 
a growing accelerator dosage. 
 
2.2. Shotcrete application method 
2.2.1. Dry-mixture shotcrete 
The dry-mix method refers to placing concrete mix into a hopper, whereupon pneumatically 
convey them through a hose to the nozzle controlled by the operator. At the nozzle, the water 
is added to the mix. Figure 2 shows a simplified system of dry-mixture system. This method is 
useful in circumstances that requiring frequently stoppage in application (Goodfellow, 2011), 
in addition controlling the amount of water can produce shotcrete ranging from extremely dry 
to extremely wet (Moore, 1984), which offers wide adaptability in different ground conditions. 
 
Figure 2: A simplified typical dry mix shotcrete system (Behdeen O., 2011) 
	
2.2.2. Wet-mixture shotcrete 
Differentiated from dry-mix shotcrete, the wet-mix shotcrete involves every essential shotcrete 
components including water, and they are mixed thoroughly prior to delivering to the nozzle 
(Goodfellow, 2011). Ordinarily, designed shotcrete mix are poured into the pump, and this 
pump can be functioned as a squeeze tube, pneumatic-feed or positive-displacement type 
(Moore, 1984). 
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As shown in figure 3, the shotcrete is initially pushed by the pump to a delivery hose connecting 
to the nozzle, whereupon compressed air is introduced at this spot for accelerating purpose. 
Shotcrete is then applied towards the surface. 
 
 
Figure 3: A typical type of wet mix shotcrete system (Nehdeen O., 2011) 
 
2.2.3. Shotcrete in tunnelling Industry 
In the tunnelling industry, shotcrete is sprayed directly onto the excavated ground as a primary 
support to prevent any possible ground deforming. Consequently, shotcrete can be later applied 
on previous shotcrete layers as a permanent lining. Since shotcrete starts working at its early 
age (Goodfellow, 2011), the early-age mechanics properties should be considered in designing 
excavation advancement stages. Additionally, with the evolution of shotcrete technology in 
recent years, the attention has been paid to not only required early strength but also the long-
term durability of the shotcrete (Goodfellow, 2011). 
 
2.3. Fiber 
Shotcrete, or sprayed concrete, is a brittle material. It has high compressive strength, but its 
tensile and flexural strength are weak. However, the working mechanism of shotcrete in 
tunnelling indicates that shotcrete is subjected to bending and flexural forces. Fibers, as an 
addition with decent ductility, can be added into shotcrete mix for reinforcement purpose.  
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Steel and polymer fibers are widely applied as a primary reinforcement to shotcrete in 
underground construction. Fibers offer post-failure behavior in shotcrete under the situation of 
being submitted to bending or flexural forces, where these only to affect when cracks propagate 
(Darling, 2011). Specifically, fibers prevent further developing of the cracks by bridging these 
and maintaining displacement (Bernard, 2004). 
 
In recent years, synthetic fiber is becoming more popular than steel fibers due to three 
advantages. First, synthetic fiber has a stronger corrosion resistance than steel ones. Second, 
synthetic fibers are lighter compared to steel ones, which indicates that higher dosage of fibers 
are achievable, and eventually achieve higher performance as a result. Lastly, synthetic fibers 
transfers load to the concrete better and start to prevent crackers earlier. Consequently, cracks 
occur in multiple ways instead of a single progressively developing crack. These three features 
ensure the synthetic fibers have advantages with its durability, as well as better mechanism 
performance. (Serna, Llano-Torre, Cavalaro, & SpringerLink, 2017) 
 
For the creep development with steel and synthetic fibers, Bernard (2004) discovered that both 
of them have similar resistance to load deformation. However, in the context of cracks 
developing, synthetic fibers are preferable since steel fibers are potentially corroded and lose 
ductility. Although corroded steel fibers are still available for energy absorbing, risk of sudden 
rupture occurs if the steel fibers are corroded worse. In contrast, synthetic fiber reinforced 
shotcrete is irrelevant with corrosion, load energy is continuously absorbed. and sudden fail is 
avoided. Remedial action before the fail is possible in the case that synthetic fibers are applied. 
 
2.4. General mechanic properties 
2.4.1. Compaction 
Compaction is the process expelling entrapped air from internal of concrete and packing the 
aggregates together in order to increase the density of concrete. High density indicates higher 
ultimate strength of concrete, as well as improves the bond with reinforcement, whereas 
inadequate compaction causes loss of ultimate strength (Flatt, 2015). The curve in figure 4 
shows the relationship between strength and compaction. Good compaction also ensures mould 
is completely filled, which is beneficial in experiment context (Cement concrete & aggregates 
Australia, 2006). 
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Figure 4: Loss of strength caused by incomplete compaction (Cement concrete & aggregates 
Australia, 2006) 
 
The compaction of concrete is a two-stage process. Initially, the aggregate particles are set and 
slump to fill the mould offering a level, then in the second stage, entrapped air is expelled by 
approaches such as vibrating. The phenomenon that concrete liquefies and surface levels gives 
the impression that concrete is compacting, and at the same time entrapped air rises to the 
surface. The compaction should be recognized as achieved after these processes are fully 
finished (Cement concrete & aggregates Australia, 2006). 
 
2.4.2. Compressive strength 
The compressive strength of concrete by definition is the resistance to failure under 
compressive forces. Compressive strength is crucial as it determine the performance of the 
concrete, and the design of concrete mix can influence the compressive strength (Transport and 
Main Roads Specifications, 2017). 
 
2.4.3. Shrinkage 
The shrinkage of concrete is a complex process which contains plastic shrinkage, carbonation 
shrinkage, thermal shrinkage, autogenous shrinkage and drying shrinkage (Aitcin et.al., 1997; 
Bazant, 2001; Clarke, 2009). Their definitions are listed in table 1. 
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Table 1: types of shrinkage in concrete. (Aitcin et.al., 1997; Bazant, 2001; Clarke, 2009) 
Shrinkage type Definition 
Plastic The volume change associated with water loss in plastic state. 
Carbonation 
Caused by chemical reaction between hydrated cement paste and CO2 in 
surroundings. 
Thermal A reaction occurs when a reduction of temperature happens to concrete. 
Autogenous 
Macroscopic volume reduction of cementitious materials. It occurs in 
initial cement hydrating. 
Drying 
A shrinkage caused by the development of solid surface tension, capillary 
tension, and withdrawal of interlayer absorbed and interlayer water from 
cement gel. 
 
2.4.4. Creep 
Creep in concrete stands for elastic and long-term deformation resulted from a sustained load, 
and the deformation occurs along the axis of the applied load. The creep deformation differs 
from shrinkage deformation which is caused by factors excepting load. These factors are but 
not limited to loss of moisture, the change of internal temperature, internal chemical and 
physical changes of the material, etc. (Bazant, 1975). Figure 5 shows deformation features of 
hardened concrete, and creep deformation occurred when a constant load applies. 
 
Figure 5: Deformation of Hardened Concrete 
Creep development of concrete can be influenced by both internal and external factors. These 
factors are specified and illustrated in table 2. 
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Table 2: Factors influencing creep rate (Bazant, 1975) 
 Factors 
Internal 
Viscous flow of the cement pastes inside concrete 
Development of cracks on joining surfaces of aggregates and cement 
Plastic deformation caused by deadweight of concrete 
External 
Age of loading 
Surroundings (higher temperature and humidity can induce higher level of 
cement hydration, which eventually decrease the creep rate 
Higher Water/Cement ratio induce higher creep rate 
Decent gradation contributing higher elastic modulus, which decreases the 
creep rate 
 
There are several effects caused by creep which need to be considered in the context of concrete 
structure design. First, creep can incur the growth of deflections which will negatively affect 
the serviceability of long-span bridges and similar structures (Bazant, 1975). Second, creep 
increase the buckling deflections to structures such as concrete arches and shells (Bazant, 1968). 
Third, extensive redistribution of internal force can be caused by creep, which might result in 
cracking and failure of structure elements (Bazant, 1968).  
 
Creep can also be beneficial in certain circumstances. For instance, in statically indeterminate 
structures, internal forces caused by shrinkage or displacements can be eased (Bazant, 1975). 
In structural systems, stress concentration can be eased due to this property. 
 
The comprehension of creep of early age of shotcrete is still limited. An experimental research 
from Xie, Cheng & Ouyang (2013) pointed out the prevailing creep prediction model including 
CEB-FIP (1990), ACI209R (1992), B3 (2000), and GL2000 (2001) cannot predict the creep 
behavior of shotcrete (Xie et al., 2013). 
 
There are three factors contributing this unpredictability. First, the accelerator can increase the 
hydration reaction rate in initial statues, which accelerate the strength gaining in early age. 
However, this rate is decreased by accelerator in the late age, which incur lower eventual 
strength. Second, the size of coarse aggregates mixed in shotcrete is normally in the range of 
5mm16mm, which is far smaller than conventional concrete. Last, the sand percentage of 
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shotcrete can reach 45%55%, which is higher than conventional concrete with its range in 
34%37%. These three properties exceeding the range of those four-prediction model (Xie et 
al., 2013). 
 
Although creep in shotcrete cannot be predicted precisely, Xie et al. (2013) concluded two 
properties of creep of shotcrete from the experiment research. First, the creep rate is increased 
while load sustains. Second, the greater the age of shotcrete is when loading, the slower creep 
develops. These two properties of shotcrete are very similar to concrete in terms of their time-
dependence.  
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Chapter 3. Methodology 
The method of testing bases on AS1012.16 with adjustment on the shotcrete testing. As 
mentioned previously, the condition that shotcrete is loaded once they are sprayed is resembled. 
Therefore, shotcrete samples are casted by spraying, and are loaded promptly after demolding 
without standard curing. Concrete samples are standardly casted and cured which is strictly 
accorded with AS1012.16 for comparison purpose. 
 
3.1. Casting and curing 
3.1.1. Standard testing 
All concrete samples are casted with conventional approach in accordance with AS1012.8. 
Concrete are poured into sample moulds with the dimensions of 150mm diameter and 300mm 
height, and then vibrated to achieve compaction. All concrete samples are demolded after 24 
hours and thereafter settled in the standard moist curing conditions for the first 7 days, then 
carried out at standard drying condition to age 28 days. 
 
3.1.2. Non-standard testing 
Differentiated from concrete examples, shotcrete samples are casted by spraying shotcrete 
through a nozzle with compressed air into sample moulds, and the compaction is achieved by 
the high velocity. Therefore, Shotcrete samples in this experiment are demolded after 24 hours 
and subjected to test without standard curing. 
 
3.2.     Apparatus 
The apparatus utilized in this experiment refers to compression machine, creep rig and creep 
scaler. The apparatus for compressive strength test, or compression machine, is in accordance 
with AS1012.9, while the creep rig in accordance with AS1012.16 is applied for creep testing. 
For measuring, the Sylvac S229 dial gauge creep scaler (appendix L) is applied for measuring 
the distance between gauge points. This distance data is eventually converted to strain value for 
creep calculation. 
 
3.3. Preparing 
3.3.1. Sulphur capping 
As samples should be loaded axially and evenly in creep rig, flat and smooth ends surface of 
samples should be achieved, whereupon all samples subjected to creep test are Sulphur capped 
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(Dumitru, Song, Caprar, Mukhin, n.d.). Additionally, other samples are also Sulphur capped in 
order to exclude potential variables. 
 
3.3.2. Reference point 
Gauge points are attached for measuring the deformation, and they are attached longitudinally 
in line along the side of samples, and three lines are evenly distributed on side faces. The 
placement of gauge points is sampled in appendix M.  
 
3.3.3. Load determining 
Prior to the creep test, it is essential to attain the compressive strength for determining the load 
for creep test, and the values should be attained by compression test. The procedures of 
compression test should be in accordance with AS1012.8. Samples are settled in the 
compression machine and loaded until failure occurs, and values can be attained from the 
reading at failure moment. Then the 40% of the compressive strength should be applied for the 
load for creep test. 
 
 
Figure 6: Creep test rig (British Standard, 2009) 
3.3.4. Settling 
According to AS1012.16, for each set, samples are applied for three different purposes. Three 
of the samples are applied for UCS tests in order to determine the load for creep tests. Three 
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are settled in the same condition as creep samples for measuring the shrinkage. These shrinkage 
values should be subtracted from creep values that attained from samples in creep rig. The rest 
of the samples are settled in creep rigs as shown in the figure 6. Gauge points are stick on three 
axis that evenly distributed on side faces of samples, in order to be utilized for reference of 
deformation. The settled creep rig is exampled in appendix M. 
 
3.4.     Measuring 
The measurement section includes attaining the value of compressive strength, shrinkage strain 
and creep strain. The compressive strength is attained by UCS test conducted through the 
compression machine. Then the 40% of the compressive strength is utilized as the load to creep. 
Shrinkage and creep samples are measured by creep scaler which shown in the appendix L. For 
samples in creep rigs, they are initially loaded to 20% of the creep test load for preloading stage, 
then be gradually loaded to the determined load in initial loading. Measurements should be 
taken on creep samples before loading, after preloading and after loading. Shrinkage samples 
set aside are also measured at the same time. Both shotcrete and concrete samples are 
continually measured on 2, 6 and 24 hours, then daily till one week, weekly till one month and 
monthly till day 90 from the day of initial loading. 
 
3.5.     Calculation 
As the creep scaler can only obtain the distance between two gauge points, the specific 
deformation should be attained by the subtracting initial distance from specific distance. These 
data can be converted to strain value by using formula ! = ∆$$  (1) 
 
in which, e is the strain, ∆L is the difference between initial distance and specific distance, and 
L is the initial distance. All creep and shrinkage strain value in determined measurement time 
should be collected and calculated, and these values should be substituted into creep calculation 
formula offered in AS1012.16: Creep	per	megapascal = Average	loaded	strain − 	average	control	strainapplied	load  (2) 
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Chapter 4. Experimental Procedure 
4.1. Spreadsheet 
As one of the objective of this experiment is examining the influence caused by accelerator and 
fibers, three mix design including concrete mix, concrete with fibers mix and shotcrete mix are 
proposed to be casted. A sample ID system for these mixes is also designed for better readability 
and specified in table 3. The front section “C” of the ID refers to creep test, while the letter laid 
in middle section refers to concrete or shotcrete represented by C and S respectively. The last 
letter N and F denotes “Non-fiber” and “Fiber” respectively.  
 
Table 3: Sample mix details 
Sample ID Accelerator Type Accelerator (wt.%) Fiber type Fiber (kg/m3) 
C/C/N - - - - 
C/C/F - - Polyfibres 4 
C/S/N SA 167 6 - - 
 
For each mix design, 10 samples are casted for purposes of UCS, shrinkage test, creep test and 
dummy respectively. Dummy samples are those cut into half and then settled on both ends of 
creep column as shown in appendix M. The detail of purposed are listed in Table 4. 
 
Table 4: Number of samples that used for different purpose 
Samples UCS Shrinkage Creep Dummy 
Concrete 3 3 3 1 
Concrete & Fibers 3 3 3 1 
Shotcrete 3 3 3 1 
 
4.2. Mix Design 
The concrete and shotcrete applied in this experiment is commercial concrete supplied by 
Nielsen Pty Ltd. The mix design is specified in Table 5. 
 
4.3. Samples dimensions 
With the addition of accelerator or fibers, the mass and density are varying from different mix 
design. All samples are measured with their physical properties before subjected to test, and the 
value of measured dimensions are specified in table 6. 
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Table 5: Mix design of Nielsen supplied concrete 
Nielsen PP4501SF Mix Design (per 1m3 of concrete) 
Cement 350kg 
Fly ash 100kg 
Silica Fume 15kg 
10mm Bromelton Aggregate 601kg 
Medium Sand 494kg 
Fine Sand 540kg 
WRDA Admixture  300ml/100kg 
VL 12 Admixture 700ml/100kg 
Free Water (Maximum) 185 
 
 
Table 6: Physical properties of samples 
Sample Diameter (mm) Height (mm) Mass 
Concrete 150 305.12 12.623 
Concrete with fibers 150 304.05 12.281 
Shotcrete 150 300.00 11.46 
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Chapter 5. Results analysis 
5.1. Casting quality & compaction 
5.1.1. Casting quality 
As shotcrete is sprayed into moulds instead of conventional methods of casting, there is a 
significant uncertainty on casting quality. It is unanticipated that shotcrete can be compacted in 
narrow and deep sample moulds by spreading. As a matter of fact, each mix design achieves 
different casting quality and compaction. Figure 7 specifies several representative samples from 
concrete, concrete with fibers and shotcrete samples. The figure show that both concrete and 
concrete with fibers have a good casting quality according to their appearance. In comparison, 
the figure shows rough surface honeycomb and improperly filled edges on the surface of 
shotcrete samples, which indicates that shotcrete samples have not been casted properly via 
spraying casting.  
 
 
Figure 7: Casting quality of testing samples 
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5.1.2. Density 
To further verify the compaction of each mix design, the average density is also calculated. 
Sample calculations is listed in appendix H and average density of each mix design shown in 
figure 8. The figure shows that concrete samples achieve the highest value of density, followed 
by concrete fiber samples which reaches 98% of density of concrete with no fibers. Shotcrete 
samples achieve 92.8% of density of concrete with no fibers, which is the lowest among all mix 
design. This density results show that concrete samples are more compacted than concrete with 
fibers samples, and shotcrete samples achieve the lowest compaction. 
 
 
Figure 8: Average density of samples of concrete, concrete with fibers and shotcrete mix 
design 
 
5.1.3. Influence caused by fibers 
Since there is no obvious difference in terms of appearance with concrete and concrete fiber 
samples but their average density varies, the internal of concrete with fibers samples is observed 
for verifying causes. Figure 9 shows a failure samples of concrete with fibers mix design which 
can be observed internally. The figure shows fibers are not bound with concrete matrix perfectly, 
which indicates concrete fibers samples may have internal voids, and fibers in this case hinder 
the compaction of concrete. Wang, Shah and Phuaksuk (2014) investigated that fibers increase 
both the water pass ways and internal defects of concrete. Ma and Li (2014) internal defect 
induced by fibers is caused by “wall-effect”, which increases the micro defect of fiber-concrete 
interface. 
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Figure 9: Defect caused by fibers 
 
5.2. Compressive strength 
5.2.1. Results 
The UCS test results of shotcrete, concrete and concrete with fibers samples are shown in figure 
10. These values are recorded from the reading shown in UCS test machine when the samples 
fail. The failure statue is shown in the Appendix N. 
 
Figure 10: Average compression strength and 40% of the value of each mix design 
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concrete samples achieve highest level of compressive strength among three mixes, while the 
strength of concrete fibers samples is 92.5% of concrete with no fibers. For the shotcrete, 
although the addition of accelerator theoretically assists the strength gaining in early age, its 
compressive strength with 2-day age in this test only reaches 31.81% of standard cured concrete. 
 
5.2.2. Relationship between compressive strength and compaction 
The results of compressive strength of concrete and concrete fibers samples are correspond to 
the strength – air voids graph (Cement concrete & aggregates Australia, 2006) referred in 
chapter 2. Concrete with fibers samples in this test achieve the 92.5% strength and 98% density 
of concrete with no fibers. Figure 11 shows the graph overlapped with 92.5% of compressive 
strength and 98% of density dot. The figure shows that dot laps on the curve with slight 
deviation. 
 
Figure 11: Relative strength & Compaction relations overlapped by concrete fibers dot 
(Cement concrete & aggregates Australia, 2006) 
 
5.3. Elastic Modulus 
Elastic Modulus measures concrete’s resistance to being deformed elastically when subjected 
to a stress. In the standard creep test, instantaneous elastic modulus (E) can be attained by 
measuring and calculating average strain immediately after initial loading, then the value of E 
can be attained by applied load divided by average strain, i.e. 
	 21	
Instantaneous	elastic	modulus	 E = 	 applied	loadaverage	immediate	strain (3) 
 
The sample calculation is specified in appendix I and the results are specified in table 7. 
 
Table 7: Instantaneous elastic modulus of all mixes. 
Mix Instantaneous elastic modulus (Gpa) 
Shotcrete 15.02 
Concrete 26.45 
Concrete with fibers 25.06 
 
 
5.4. Shrinkage 
The purpose of obtaining shrinkage results is that the influence caused by shrinkage should be 
excluded from creep test. Thus, three samples for each mix are set aside for free shrinkage. All 
shrinkage data is specified in appendix A, B and C and calculation are exampled in appendix J. 
The shrinkage strain graph generated via these data is shown in figure 12. 
 
 
Figure 12: Shrinkage deformation from control samples 
 
Figure 12 shows shotcrete samples shrink fastest among three types, while concrete and 
concrete with fibers samples shrink at a similar rate. Specifically, shotcrete samples shrink 
rapidly in early stage of curing, then the rate turns slower after day 21. For the other two mix 
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design, although both mix designs have similar shrinkage rate, concrete with fibers samples 
have a slightly higher shrinkage strain than concrete with no fibers.  
 
The higher shrinkage of concrete fiber than concrete with no fibers can be attributed to the 
lower elastic modulus of concrete fiber samples. Zhang & Li (2001) through an analytical 
modelling approach finds that the higher the modulus ratio between fiber and matrix, the less 
the concrete shrinks. As the result of elastic modulus in section 5.3. show that concrete fiber 
samples have slightly lower elastic modulus, and the same dosage and geometry of fibers are 
utilized in this test, it can be calculated that the modulus ratio of concrete fiber samples is lower, 
which contribute the higher shrinkage compared to concrete with no fibers samples. 
 
5.5. Creep 
5.5.1. Results 
The creep is attained by creep calculation equation referred in section 3.5. and the data is 
obtained from the difference between readings from creep samples and shrinkage samples. All 
original data is specified in appendix D, E, F and processed strain data is specified in appendix 
G. Sample calculations are list in appendix K. The graph generated from this data is shown in 
figure 13. 
 
Figure 13: Overall creep of different mix design 
0
5
10
15
20
25
0 20 40 60 80 100
Cr
ee
p	
(m
ic
ro
st
ra
in
)
Time	(days)
Shotcrete
Concrete
Concrete	
&	fibers
	 23	
 
The creep curve of shotcrete shows a similar characteristic as creep development of concrete. 
The creep of shotcrete samples develops fast in early stage of curing, then the rate steadily 
decreases afterwards. However, shotcrete samples achieve much higher creep value compared 
to that of concrete and concrete fiber samples at all stages of curing. In comparison of concrete 
and concrete fiber samples, their creep curves show a similar profile excepting fiber samples 
showing slightly lower creep value than that of concrete with no fibers at all stages of curing. 
 
5.5.2. Relationship between creep and elastic modulus 
The relationship between the 14-day-loading specific creep and the elastic modulus of different 
mixes is shown in figure 14, displayed as specific values with respect to the elastic modulus of 
concrete with no fibers (measured as 26.45 GPa). The results show that when elastic modulus 
of shotcrete is lower than that of concrete with no fibers, its creep resistance ability is 
correspondingly lower than that of concrete with no fibers. However, although the elastic 
modulus of concrete fiber samples is slightly lower than concrete with no fibers, its creep value 
is still lower the that of concrete with no fibers, which is opposite to the comparison between 
concrete and concrete with fibers samples. This result of fibers samples indicates that fibers 
have the ability to resist creep develops regardless of the lower elastic modulus of concrete 
matrix. 
 
 
 
Figure 14: Relative value of specific creep of concrete/shotcrete after 14-day-loading and 
elastic modulus of different mixes 
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5.5.3. Comparing to literature 
This result of creep development in shotcrete mix design is compared to the results from early 
age shotcrete creep test conducted by Xie et.al (2013). Two shotcrete mix design used in Xie 
et.al (2013) test are mostly used in tunnels of subway and highway respectively, and mixes are 
tested on different concrete ages. The details and parameters of these mix design are specified 
in table 8 and 9. The literature’s creep results are specified in figure 15 and overlapped with the 
result of shotcrete mix design obtained in this experiment. 
 
Table 8: Mix design from comparison literature 
 Mix 1 Mix 2 
Max aggregate size 10mm 10mm 
Cement type GP P.O 42.5 GP P.O 42.5 
Water cement ratio 0.5 0.48 
Cement 410 417 
Coase Aggregates 855 831 
Fine Aggregates 855 831 
Water 205 200 
Accelerator 16.4 16.67 
Superplasticizer - 4.15 
 
Table 9: Compressive strength and applied load of each mix 
No. Age (days) 
Compressive 
strength (MPa) 
Applied 
Load (MPa) 
Mix 1 
2 8.13 3.24 
7 11.28 4.4 
16 14.93 5.97 
Mix 2 
2 6.3 2.52 
7 12.85 5.12 
16 15.09 5.43 
 
As shown in figure 15, the development of shotcrete samples conducted in this test achieves 
the lowest creep value among all mix design. For two literature mixes that tested on different 
concrete ages, curves show that the extent of creep development decreases with the increase of 
concrete age, and creep develops slower in mixes with greater concrete age.  
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Figure 15: Creep curves of shotcrete tested and mostly used shotcrete mixes 
 
5.5.4. Relationship between creep and compressive strength 
 
The relationship between the 14-day-loading specific creep and the compressive strength of 
different mixes is shown in figure 16 presented as specific creep values with respect to the 
compressive strength of shotcrete mix applied in this test (measured as 19.192 MPa). This result 
shows a solid trend that the creep value decreases with the increase of compressive strength 
among all mix. Therefore, shotcrete samples with greater performance compressive strength 
tends to have better creep resistance ability. 
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Figure 16: Relative value of specific creep of shotcrete after 14-day-loading and compressive 
strength of different mixes. 
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Chapter 6. Conclusion 
This report studied the creep development of concrete and shotcrete through standard testing 
methods. In addition to that methods were adopted to suit shotcrete testing as well. The 
workability of standard test on simulating shotcrete insitu applied shotcrete was tested by 
examining the casting quality and compaction. Results from compressive strength and 
shrinkage of shotcrete, concrete and concrete with fibers, were essential to process with creep 
testing and its analysis. Creep results, its correlations between the creep value and its elastic 
modulus, and compressive strength were studied. The following conclusions can be drawn from 
the results attained from this research. 
(1) Standard testing methods cannot be perfectly utilised for testing insitu applied shotcrete. 
This insufficient compatibility is reflected by relatively poor casting quality, the poorer 
compaction and the lower density. 
(2) Although accelerator is added for cancelling the retarding effect and therefore gaining 
the strength, it only assists limited strength gaining in early age of shotcrete. 
(3) With the addition of fibers added to the design mix, additional voids are created, induced 
internal defects, consequently reduced compaction. This reduced compaction results in 
low compressive strength, corresponding to the compressive strength – air voids chart 
proposed by Cement concrete & aggregates Australia (2006). 
(4) Both shrinkage and creep of shotcrete develops fast in early stages of curing with its 
rate gradually decreasing. These characteristics in terms of shrinkage and creep 
development are similar to those of conventional concrete (Xie et al., 2013). 
(5) Concrete mix with fibers has lower elastic modulus therefore higher extent of shrinkage, 
regardless of the purpose that fibers are added for deformation reduction.  
(6) Creep of shotcrete and concrete depends on a variety of factors. For shotcrete and 
concrete with no fibers, these have lower elastic modulus result in lower creep resistance. 
For concrete including fibers in the mix, creep resistance ability is enhanced by fibers 
regardless of low elastic modulus of concrete matrix. Additionally, the creep resistance 
ability of shotcrete also has a solid relationship with compressive strength. The 
comparison results show that shotcrete samples with greater compressive strength result 
in better creep resistance ability. 
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Appendix 
Appendix A: Shrinkage data of Shotcrete 
 
Test identification C/S6/N  C=Concrete, CF=Concrete with Fibers 
S=Shotcrete, SF=Shotcrete with Fibers Cast Date 23/5/17  
Test Date 25/5/17      
       
Date and time of 
loading/reading Axis A Axis B Axis C 
Stage 
Date and 
Time S2 S1 S2 S1 S2 S1 
0 14:25:00 -0.01 -0.048 -0.126 -0.048 0.019 0.034 
19 hours 25/5/17 -0.029 -0.139 -0.136 -0.078 -0.015 0.016 
24 hours 26/5/17 -0.031 -0.142 -0.136 -0.083 -0.006 0.01 
4 days 29/5/17 -0.045 -0.163 -0.156 -0.098 -0.025 -0.012 
5 days 30/5/17 -0.046 -0.166 -0.17 -0.106 -0.025 -0.013 
6 days 31/5/17 -0.052 -0.171 -0.17 -0.106 -0.036 -0.014 
7 days 1/6/17 -0.053 -0.174 -0.172 -0.111 -0.041 -0.016 
13 days 7/6/17 -0.08 -0.207 -0.202 -0.135 -0.072 -0.053 
21 days 15/6/17 -0.111 -0.232 -0.235 -0.164 -0.098 -0.075 
28 days 22/6/17 -0.122 -0.236 -0.242 -0.172 -0.104 -0.083 
60 days 24/7/17 -0.156 -0.266 -0.272 -0.212 -0.138 -0.119 
90 days 23/8/17 -0.183 -0.284 -0.295 -0.225 -0.152 -0.132 
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Appendix B: Shrinkage data of Concrete 
 
 
Test identification C/C/N   C=Concrete, CF=Concrete with Fibers 
S=Shotcrete, SF=Shotcrete with Fibers Cast Date 23/5/17   
Test Date 21/6/17         
          
Time of loading Axis A Axis B Axis C 
Stage  Time S1 S2 S3 S1 S2 S3 S1 S2 S3 
0 10:00 -0.063 -0.047 -0.061 -0.083 0.195 -0.116 -0.263 -0.171 -0.057 
5 hours 15:00 -0.068 -0.049 -0.056 -0.079 0.184 -0.105 -0.271 -0.178 -0.055 
24 hours 22/6/17 -0.075 -0.061 -0.065 -0.085 0.175 -0.111 -0.278 -0.186 -0.063 
2 days 23/6/17 -0.082 -0.061 -0.065 -0.083 0.163 -0.109 -0.278 -0.187 -0.063 
5 days 26/6/17 -0.082 -0.065 -0.072 -0.09 0.16 -0.126 -0.285 -0.182 -0.073 
6 days 27/6/17 -0.082 -0.07 -0.075 -0.088 0.155 -0.12 -0.291 -0.215 -0.071 
7 days 28/6/17 -0.082 -0.065 -0.073 -0.088 0.16 -0.123 -0.293 -0.233 -0.078 
14 days 5/7/17 -0.098 -0.081 -0.09 -0.105 0.13 -0.135 -0.302 -0.216 -0.088 
21 days 12/7/17 -0.103 -0.083 -0.093 -0.106 0.146 -0.132 -0.314 -0.216 -0.093 
29 days 20/7/17 -0.105 -0.093 -0.1 -0.118 0.128 -0.145 -0.318 -0.223 -0.093 
60 days 21/8/17 -0.129 -0.1 -0.12 -0.14 -0.098 -0.172 -0.344 -0.256 -0.135 
90 days 20/9/17 -0.136 -0.103 -0.122 -0.147 -0.125 -0.173 -0.345 -0.27 -0.135 
 
The data from axis B of sample 2 is discarded due to incorrect results. 
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Appendix C: Shrinkage data of Concrete with fibers 
Test identification C/C/F   C=Concrete, CF=Concrete with Fibers 
S=Shotcrete, SF=Shotcrete with Fibers Cast Date 23/5/17   
Test Date 21/6/17         
          
Time of loading Axis A Axis B Axis C 
Stage Time S1 S2 S3 S1 S2 S3 S1 S2 S3 
0 12:00 -0.05 -0.068 -0.078 -0.07 -0.07 -0.116 0.074 0.065 -0.12 
3 hours 15:00 -0.051 -0.068 -0.08 -0.072 -0.072 -0.122 0.054 -0.072 -0.134 
24 hours 22/6/17 -0.058 -0.068 -0.075 -0.085 -0.081 -0.13 0.054 -0.075 -0.139 
2 days 23/6/17 -0.062 -0.072 -0.083 -0.085 -0.083 -0.13 0.05 -0.081 -0.144 
5 days 26/6/17 -0.068 -0.08 -0.081 -0.09 -0.09 -0.135 0.04 -0.088 -0.146 
6 days 27/6/17 -0.07 -0.079 -0.089 -0.093 -0.092 -0.133 0.045 -0.09 -0.154 
7 days 28/6/17 -0.075 -0.085 -0.094 -0.095 -0.09 -0.136 0.048 -0.09 -0.153 
14 days 5/7/17 -0.085 -0.104 -0.105 -0.102 -0.101 -0.145 0.033 -0.098 -0.16 
21 days 12/7/17 -0.089 -0.104 -0.11 -0.112 -0.102 -0.14 0.033 -0.11 -0.166 
29 days 20/7/17 -0.094 -0.108 -0.116 -0.117 -0.117 -0.156 0.02 -0.12 -0.177 
60 days 21/8/17 -0.112 -0.133 -0.132 -0.133 -0.13 -0.175 0 -0.136 -0.191 
90 days 20/9/17 -0.124 -0.142 -0.144 -0.147 -0.14 -0.189 -0.008 -0.142 -0.198 
 
 
  
	 35	
Appendix D: Creep data of Shotcrete 
Test identification  C/S6/N  C=Concrete, CF=Concrete with Fibers 
S=Shotcrete, SF=Shotcrete with Fibers Cast Date  23/5/17  
Test Date  25/5/17        
Compressive Strength  19.192 MPa       
Creep Strength  7.6768 MPa       
Creep load (based on nominal 100mm diameter)  135.6601394 kN       
                    
Time of reading Axis A Axis B Axis C 
Stage Time Top Centre Bottom Top Centre Bottom Top Centre Bottom 
Unloaded 14:35 -0.081 -0.184 -0.019 -0.127 -0.188 0.149 -0.578 -0.085 -0.074 
Preloaded  14:45 -0.095 -0.195 -0.034 -0.133 -0.201 0.138 -0.583 -0.095 -0.087 
Loaded 25/5/17 -0.251 -0.354 -0.164 -0.281 -0.276 0.003 -0.664 -0.209 -0.142 
19 hours 26/5/17 -0.354 -0.505 -0.291 -0.426 -0.337 -0.151 -0.72 -0.288 -0.174 
24 hours 26/5/17 -0.365 -0.512 -0.303 -0.446 -0.342 -0.158 -0.732 -0.302 -0.18 
4 days 29/5/17 -0.432 -0.595 -0.38 -0.522 -0.392 -0.233 -0.785 -0.372 -0.214 
5 days 30/5/17 -0.458 -0.606 -0.407 -0.542 -0.402 -0.242 -0.8 -0.384 -0.231 
6 days 31/5/17 -0.47 -0.629 -0.414 -0.562 -0.412 -0.262 -0.815 -0.405 -0.247 
7 days 1/6/17 -0.485 -0.652 -0.432 -0.569 -0.423 -0.292 -0.818 -0.415 -0.258 
13 days 7/6/17 -0.537 -0.703 -0.487 -0.614 -0.462 -0.344 -0.861 -0.459 -0.289 
21 days 15/6/17 -0.585 -0.747 -0.525 -0.662 -0.512 -0.391 -0.9 -0.506 -0.33 
28 days 22/6/17 -0.615 -0.775 -0.561 -0.687 -0.534 -0.426 -0.924 -0.531 -0.355 
60 days 24/7/17 -0.694 -0.863 -0.65 -0.758 -0.59 -0.508 -0.99 -0.603 -0.41 
90 days 23/8/17 -0.729 -0.91 -0.686 -0.796 -0.628 -0.54 -1.025 -0.64 -0.446 
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Appendix E: Creep data of Concrete 
 
Test identification  C/C/N  C=Concrete, CF=Concrete with Fibers 
S=Shotcrete, SF=Shotcrete with Fibers Cast Date  23/5/17  
Test Date  21/6/17        
Compressive Strength  60.33 MPa       
Creep Strength  24.132 MPa       
Creep load (based on nominal 100mm diameter)  426.4472806 kN       
                    
Time of loading Axis A Axis B Axis C 
Stage Time Top Centre Bottom Top Centre Bottom Top Centre Bottom 
Unloaded 10:00 -0.56 -0.097 -0.202 -0.049 -0.047 -0.013 -0.05 0.361 0.005 
Preloaded ≈85.3kN 10:30 -0.599 -0.154 -0.234 -0.1 -0.105 -0.086 -0.1 0.347 -0.053 
Loaded 11:00 -0.795 -0.336 -0.413 -0.275 -0.295 -0.276 -0.285 0.172 -0.226 
4 hours 15:00 -0.857 -0.388 -0.46 -0.329 -0.339 -0.322 -0.335 0.124 -0.374 
24 hours 22/6/17 -0.901 -0.433 -0.502 -0.381 -0.389 -0.381 -0.384 0.043 -0.335 
2 days 23/6/17 -0.953 -0.463 -0.525 -0.41 -0.42 -0.395 -0.415 0.046 -0.4 
5 days 26/6/17 -0.987 -0.507 -0.565 -0.455 -0.466 -0.455 -0.458 -0.002 -0.427 
6 days 27/6/17 -1.02 -0.54 -0.602 -0.487 -0.496 -0.48 -0.479 -0.027 -0.457 
7 days 28/6/17 -1.035 -0.552 -0.602 -0.494 -0.512 -0.49 -0.491 -0.049 -0.472 
14 days 5/7/17 -1.083 -0.6 -0.64 -0.55 -0.551 -0.544 -0.534 -0.086 -0.509 
21 days 12/7/17 -1.135 -0.65 -0.688 -0.6 -0.605 -0.593 -0.583 -0.13 -0.557 
29 days 20/7/17 -1.185 -0.69 -0.72 -0.65 -0.652 -0.638 -0.634 -0.183 -0.604 
60 days 21/8/17 -1.3 -0.808 -0.845 -0.758 -0.764 -0.75 -0.743 -0.288 -0.72 
90 days 20/9/17 -1.37 -0.876 -0.904 -0.825 -0.833 -0.822 -0.812 -0.36 -0.796 
  
	 37	
Appendix F: Creep data of Concrete & fibers 
 
Test identification  C/C/F  C=Concrete, CF=Concrete with Fibers 
S=Shotcrete, SF=Shotcrete with Fibers Cast Date  23/5/17  
Test Date  21/6/17        
Compressive Strength  55.835 MPa       
Creep Strength  22.334 MPa       
Creep load (based on nominal 100mm diameter)  394.6740247 kN       
                    
Time of loading Axis A Axis B Axis C 
Stage Time Top Centre Bottom Top Centre Bottom Top Centre Bottom 
Unloaded 12:00 -0.12 -0.069 0.119 -0.066 -0.174 0.131 0.037 -0.108 -0.072 
Preloaded ≈79kN 12:30 -0.154 -0.114 0.005 -0.09 -0.2 0.076 -0.005 -0.19 -0.112 
Loaded 13:00 -0.328 -0.297 -0.102 -0.258 -0.365 -0.121 -0.191 -0.38 -0.285 
2 hours 15:00 -0.372 -0.352 -0.152 -0.312 -0.412 -0.158 -0.234 -0.415 -0.325 
24 hours 22/6/17 -0.42 -0.4 -0.202 -0.361 -0.462 -0.205 -0.274 -0.45 -0.365 
2 days 23/6/17 -0.45 -0.43 -0.23 -0.395 -0.498 -0.245 -0.305 -0.473 -0.391 
5 days 26/6/17 -0.495 -0.476 -0.275 -0.441 -0.545 -0.294 -0.352 -0.509 -0.429 
6 days 27/6/17 -0.525 -0.51 -0.312 -0.482 -0.58 -0.334 -0.383 -0.538 -0.462 
7 days 28/6/17 -0.533 -0.517 -0.323 -0.485 -0.595 -0.336 -0.387 -0.542 -0.462 
14 days 5/7/17 -0.56 -0.57 -0.361 -0.525 -0.631 -0.378 -0.425 -0.578 -0.502 
21 days 12/7/17 -0.612 -0.6 -0.404 -0.567 -0.675 -0.421 -0.47 -0.615 -0.542 
29 days 20/7/17 -0.65 -0.638 -0.44 -0.605 -0.714 -0.46 -0.5 -0.646 -0.575 
60 days 21/8/17 -0.755 -0.74 -0.55 -0.71 -0.82 -0.566 -0.61 -0.736 -0.672 
90 days 20/9/17 -0.805 -0.807 -0.611 -0.775 -0.886 -0.626 -0.666 -0.792 -0.725 
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Appendix G: Final shrinkage and creep strains results 
 
Shrinkage final results 
Shotcrete Concrete Concrete with fibers 
Time 
(days) 
Creep 
(Microstrain) 
Time 
(days) 
Creep 
(Microstrain) 
Time 
(days) 
Creep 
(Microstrain) 
0 0 0 0 0 0 
0.8 1.35E+01 0.2 3.37E-04 0.2 8.18E+00 
1 1.39E+01 1 3.15E+00 1 9.95E+00 
4 2.13E+01 2 3.35E+00 2 1.14E+01 
5 2.31E+01 5 5.70E+00 5 1.36E+01 
6 2.47E+01 6 7.55E+00 6 1.43E+01 
7 2.59E+01 7 8.70E+00 7 1.50E+01 
13 3.80E+01 13 1.27E+01 13 1.93E+01 
21 4.91E+01 21 1.40E+01 21 2.08E+01 
28 5.20E+01 28 1.67E+01 28 2.45E+01 
60 6.56E+01 60 2.68E+01 60 3.15E+01 
90 7.28E+01 90 2.85E+01 90 3.56E+01 
 
 
Creep final results 
Shotcrete Concrete Concrete with fibers 
Time 
(days) 
Creep 
(Microstrain) 
Time 
(days) 
Creep 
(Microstrain) 
Time 
(days) 
Creep 
(Microstrain) 
0 0 0 0 0 0 
0.8 1.02E+01 0.2 4.84E+00 0.2 4.43E+00 
1 1.07E+01 1 5.42E+00 1 5.16E+00 
4 1.31E+01 2 5.91E+00 2 5.65E+00 
5 1.37E+01 5 6.52E+00 5 6.35E+00 
6 1.43E+01 6 6.94E+00 6 6.93E+00 
7 1.49E+01 7 7.09E+00 7 7.01E+00 
13 1.57E+01 13 7.66E+00 13 7.51E+00 
21 1.66E+01 21 8.43E+00 21 8.19E+00 
28 1.77E+01 28 9.08E+00 28 8.67E+00 
60 1.97E+01 60 1.05E+01 60 1.02E+01 
90 2.07E+01 90 1.16E+01 90 1.11E+01 
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Appendix H: Density calculation 
Take the density of shotcrete sample as the example: 
 ρ"#$%&'(%(,*+('*,( = MassVolume = 11.46;×(300×10@A)C/4×300×10@A = 2163	GH/IA 
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Appendix I: Elastic modulus calculation 
The value of elastic modulus is calculated as the applied load in megapascals divided by the 
average strain immediately after loading. The calculation of the elastic modulus of shotcrete is 
sampled. 
  
1. Distance-difference calculation 
For axis A of sample settled in the top position of the creep rig, the distance difference of 
strain gauges between first loading and initial statue is: 
 
0.251-0.081=0.17 mm 
 
The same calculation process can be applied to other axis of all tested samples, and all results 
of difference in this stage are specified as: 
 
Axis A Axis B Axis C 
Top Centre Bottom Top Centre Bottom Top Centre Bottom 
-0.17 -0.17 -0.145 -0.154 -0.088 -0.146 -0.086 -0.124 -0.068 
 
2. Strain calculation 
For axis A of the sample settled in the top position, the strain can be calculated as: 
 J = ∆LL = 0.17250 − 0.081 = 6.80×10@Q 
 
Similarly, the same calculation process can be applied to other axis of any tested samples, and 
all results of difference in this stage are specified as: 
 
Axis A Axis B Axis C 
Top Middle Bottom Top Middle Bottom Top Middle Bottom 
-6.80E-04 -6.81E-04 -5.80E-04 -6.16E-04 -3.52E-04 -5.84E-04 -3.45E-04 -4.96E-04 -2.72E-04 
 
3. Average loaded strain 
 
Average	strain = 6.8×10@Q + 6.81×10@Q + 5.8×10@Q + 6.16×10@Q + 3.52×10@Q+5.84×10@Q + 3.45×10@Q + 4.96×10@Q + 2.72×10@Q6 = 5.118×10@Q 
 
4. Elastic modulus 
 Elastic	modulus	 E = 	 applied	loadaverage	immediate	strain 
 						= 7.6768×10_5.118×10@Q = 15.02	`ab 
Appendix J: Shrinkage sample calculations  
Take the shrinkage strain of shotcrete on 19-hour age as the example: 
1. Distance-difference calculation 
	 41	
For axis A of sample 2, the distance difference of strain gauges between 19-hour age and 
initial statue is: 
 
0.031-0.01=0.021 mm 
 
The same calculation process can be applied to other axis of all tested samples, and all results 
of difference in this stage are specified as: 
Axis A Axis B Axis C 
Sample 2 
difference  
Sample 1 
difference 
Sample 2 
difference 
Sample 1 
difference 
Sample 2 
difference 
Sample 1 
difference 
-0.021 -0.094 -0.01 -0.035 -0.025 -0.024 
 
2. Strain calculation 
For axis A of sample 2, the strain can be calculated as: 
 J = ∆LL = 0.021250 − 0.01 = 8.4×10@c 
 
Similarly, the same calculation process can be applied to other axis of any tested samples, and 
all results of difference in this stage are specified as: 
 
Axis A Axis B Axis C 
Sample 2 
strain 
Sample 1 
strain 
Sample 2 
strain 
Sample 1 
strain 
Sample 2 
strain 
Sample 1 
strain 
-8.40E-05 -3.76E-04 -4.00E-05 -1.40E-04 -1.00E-04 -9.60E-05 
 
3. Average shrinkage strain 
 Average	strain = 8.40×10@c + 3.76×10@Q + 4.00×10@c + 1.40×10@Q + 1.00×10@Q + 9.60×10@c6 																																								= 1.347×10@Q 
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Appendix K: Creep sample calculations 
 
Take the creep strain of shotcrete on 19-hour age as the example: 
5. Distance-difference calculation 
For axis A of sample settled in the top position of the creep rig, the distance difference of 
strain gauges between 19-hour age and initial statue is: 
 
0.354-0.081=0.273 mm 
 
The same calculation process can be applied to other axis of all tested samples, and all results 
of difference in this stage are specified as: 
 
Axis A Axis B Axis C 
Top Middle Bottom Top Middle Bottom Top Middle Bottom 
-0.273 -0.321 -0.272 -0.299 -0.149 -0.3 -0.142 -0.203 -0.1 
 
6. Strain calculation 
For axis A of the sample settled in the top position, the strain can be calculated as: 
 J = ∆LL = 0.273250 − 0.081 = 1.092×10@A 
 
Similarly, the same calculation process can be applied to other axis of any tested samples, and 
all results of difference in this stage are specified as: 
 
Axis A Axis B Axis C 
Top Middle Bottom Top Middle Bottom Top Middle Bottom 
-1.09E-03 -1.28E-03 -1.09E-03 -1.20E-03 -5.96E-04 -1.20E-03 -5.69E-04 -8.12E-04 -4.00E-04 
 
7. Average loaded strain 
 
Average	strain = 1.09×10@A + 1.28×10@A + 1.09×10@A + 1.20×10@A + 5.96×10@Q+1.20×10@A + 5.69×10@Q + 8.12×10@Q + 8.12×10@Q6 = 9.155×10@Q 
 
8. Creep calculation 
 Creep	per	megapascal = Average	loaded	strain − 	average	control	strainapplied	load  
 						= 9.155×10@Q − 1.347×10@Q7.6768  
 												= 1.02	×10@Q		(per	megapascal) 
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Appendix L: Creep scaler 
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Appendix M: Settled creep rig 
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Appendix N: An example of UCS test 
 
	
